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Department of Biochemistry and Molecular Biology, The University of Chicago, Chicago, Illinois 60637ABSTRACT The ability to discriminate between different cations efﬁciently is essential for the proper physiological functioning
of many membrane transport proteins. One obvious mechanism of ion selectivity is when a binding site is structurally constrained
by the protein architecture and its geometry is precisely adapted to ﬁt an ion of a given size. This mechanism is not effective in the
case of ﬂexible protein binding sites that are able to deform structurally or to adapt to a bound ion. In this study, the concept of
nontrivial ion selectivity arising in a highly ﬂexible protein binding site conceptually represented as a microdroplet of ligands
conﬁned to a small volume is explored. The environment imposed by the spatial conﬁnement is a critical feature of the reduced
models. A large number of reduced binding site models (1077) comprising typical ion-coordinating ligands (carbonyl, hydroxyl,
carboxylate, water) are constructed and characterized for Naþ/Kþ and Ca2þ/Ba2þ size selectivity using free energy perturbation
molecular dynamics simulations. Free energies are highly correlated with the sum of ion-ligand and ligand-ligand mean interac-
tions, but the relative balance of those two contributions is different for Kþ-selective and Naþ-selective binding sites. The analysis
indicates that both the number and the type of ligands are important factors in ion selectivity.INTRODUCTIONThe mechanism of ion selectivity in biology is a subject that
has fascinated scientists for a long time. Kþ channels, in
particular, have always been intriguing due to their remark-
able ability to conduct Kþ ions near the diffusion limit while
remaining very selective for Kþ over Naþ. When the atomic
structure of the KcsA Kþ channel was resolved using x-ray
crystallography (1,2), it seemed to offer direct support for
an appealing structural explanation of ion selectivity in close
correspondence with the snug-fit mechanism proposed in the
early 1970s (3), which thereafter, became almost universally
adopted (4). The idea, familiar in the field of host-guest
chemistry (5), is that the narrow pore was perfectly suited
(at the sub-a˚ngstro¨m level) to provide a cavity of the appro-
priate size to fit Kþ, but unable for structural reasons to adapt
and cradle the slightly smaller Naþ. However, very early on,
the picture arising from molecular dynamics (MD) simula-
tions carried out by several independent groups suggested
that the selectivity filter of the KcsA channel might be inher-
ently too dynamical and flexible to satisfy the requirement of
a strict snug-fit mechanism (6–8). Kþ and Naþ are very
similar, differing only slightly in their atomic radius
by ~0.38 A˚. At room temperature, the channel can easily
distort locally with little energetic cost to cradle one Naþ
(6,8), a view that is inconsistent with the picture of a rigid
site of the proper size to fit a Kþ ion.
The issue came into sharper focus when free energy
perturbation MD simulations (FEP/MD) showed that the
flexible/fluctuating pore in its conductive conformation dis-
played nonetheless a substantial selectivity for Kþ overSubmitted November 30, 2009, and accepted for publication March 16,
2010.
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binding selectivity can be addressed from a thermodynamic
viewpoint. Accordingly, the key quantity is the relative free
energy of Naþ and Kþ in the biding site and in bulk solution,
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(A binding site is Kþ-selective when DDGNa,K is positive,
and is Naþ-selective when it is negative.) The suggestion of
a flexible pore undergoing a˚ngstro¨m-scale fluctuations able
to yield a robust DDGNa,K favoring K
þ over Naþ seemed
very surprising. Our analysis of ion selectivity in the KcsA
channel, using quantum mechanical ab initio calculations
as well as a series experiments based on free energy MD
simulations led us to a surprising and somewhat provocative
conclusion (12). For the KcsA channel in MD simulations,
the free energy differences controlling selectivity arises prin-
cipally from the number and properties of ion-coordinating
ligands, without the need to enforce the position of those
ligands to sub-a˚ngstro¨m precision.
To further illustrate and explore the concept of size selec-
tivity in the absence of any precise structural geometry on
a sub-a˚ngstro¨m level, we introduced simple reduced toy
models, comprising only one ion and a small number of
freely fluctuating ligands confined to a spherical region of
3.5 A˚ radius (12). By construction, no restraint forces
prevent the collapse of the ligands onto the smaller Naþ
ion. Yet, using free energy simulations, a reduced model
with eight carbonyl-like ligands was shown to be as selective
for Kþ over Naþ than the binding site S2 in KcsA. That such
an exceedingly simple model would display any size selec-
tivity at all was unanticipated and quite surprising. Following
this work, several theoretical studies have examined thedoi: 10.1016/j.bpj.2010.03.038
2878 Rouxproperties of analogous reduced toy models (13–19), trying
to explain the underlying cause of this observation. Although
there are differences in interpretation, the studies have
broadly confirmed that reduced models can display
nontrivial size selectivity on the basis of local interactions,
in the absence of a geometry enforced at sub-a˚ngstro¨m
precision (12–19).
Despite their apparent simplicity, the reduced models can
give rise to a wide range of selectivity. In the context of
a flexible binding site or a reduced toy model, the relative
free energy of Kþ and Naþ reflects a complicated interplay
between the favorable ion-ligand interaction and the unfa-
vorable ligand-ligand repulsion. However, only a small
number of reduced models comprising a few carbonyl
groups or water molecules have been explored until now,
and the full range of possible behaviors remains unknown.
In the absence of a more complete characterization, our
conclusions regarding the selectivities arising from the ion-
ligand and ligand-ligand interactions in a flexible binding
site have remained somewhat controversial. For instance,
a number of studies have put forth the notion that selectivity
is governed primarily by the number of coordinating ligands
and that their chemical type plays a minor role (14–16,19).
Partly to address this controversy and partly to flesh out
our previous conclusions, ion selectivity was characterized
using FEP/MD simulations for an extensive collection
of ~1077 toy models comprising four to nine coordinating
oxygen ligands of different types. The body of data accumu-
lated from large set of calculations provides an unprece-
dented illustration of the broad variability of free energies
in these reduced models.METHODS
Realistic chemical moieties were used to avoid ambiguities that arise
when representing coordinating ligands by fragments extracted from
molecular mechanical force fields. N-methylacetamide and diglycines
were used to model the backbone carbonyl. Using ab initio calculations
as shown previously (20), backbone carbonyl models based on formalde-
hyde such as used in some theoretical studies (15) do not provide a real-
istic model of ion-backbone interactions. All the toy models comprise four
to nine coordinating oxygen ligands, with zero to eight N-methylaceta-
mide, methanol (CH3OH), or water, zero to four diglycines (each with
two backbone carbonyls), and zero to two neutral or ionized acetic acid
(CH3COOH or CH3COO
, each with two oxygen ligands).
All the computations were carried out using the program CHARMM (21)
with the force field PARAM22 (22). The water model is TIP3P (23). The
FEP/MD simulations were carried out as described previously (12,24);
they include a total of ~2.8 ns of sampling for each model. A steep half-
harmonic spherical restriction was imposed such that the oxygen ligands
remain within 3.5 A˚ from the ion. The size of the confinement sphere was
chosen as previously to mimic the amount of freedom observed in all-
atom MD of the KcsA channel (12). The number of toy models with 4, 5,
6, 7, 8, and 9 ligands is 39, 69, 117, 183, 276, and 393, respectively, for
a total of 1077 models. Simulations were generated at 300 K with a time-
step of 2 fs and a Langevin friction of 5 ps1 on each nonhydrogen atom.
Average interaction energies were calculated from 5 ns of Langevin
dynamics. The initial configuration of each reduced model was assembled
by randomly placing the constituting molecules within a large sphere withBiophysical Journal 98(12) 2877–2885the ion fixed at the center. This was followed by successive energy minimi-
zation and MD simulations during which a radial restraint on the oxygen
ligands was increased progressively. One concern is whether the small
crowded systems are kinetically trapped (locked) into their starting configu-
ration, implying that MD is only sampling the small local atomic fluctua-
tions. To address this issue, tests simulations with some of the most crowded
models comprising nine ligands were carried out. The results indicate that
there is exchange of configurations leading to a mixing of the molecules
on the ns timescale. Further tests with FEP/MD simulations starting from
different configurations yielded variations in relative free energies of
~0.6 kcal/mol or less, suggesting that the sampling is sufficiently converged
for the purpose of this analysis. The Lennard-Jones parameters of Kþ, Naþ,
Ca2þ, and Ba2þ were adjusted to yield the proper difference in solvation
free energy in bulk water based on experimental data. The free energy differ-
ence between Kþ and Naþ is and Ba2þ and Ca2þ are ~17.5 kcal/mol and
59 kcal/mol, respectively.RESULTS AND DISCUSSION
The concept of the reduced binding site and its relation to
a realistic system is depicted schematically in Fig. 1. By
construction, the simplified reduced models are designed to
mimic flexible protein binding sites with N flexible ligands.
Some amount of spatial limitation on the extent of the fluc-
tuations of the ligands is a critical component of the reduced
models. Even in the case of highly flexible protein binding
sites, the ligands are never free to make arbitrarily large
displacements. Protein ligands are always, by virtue of the
three-dimensional architecture of the folded protein,
restricted to remain within some small spatial region
(Fig. 1 A). This suggests a simplified representation of a flex-
ible protein binding site as a crowded microdroplet of ligands
confined to a small spatial region (Fig. 1 B). In the reduced
models, the physical confinement arising from the structure
is approximated by a spherical half-harmonic restraining
potential to keep the oxygen of each ligand within a distance
of 3.5 A˚ away from the ion. In proteins binding sites, the ion-
coordinating ligands are typically surrounded by nonpolar
side chains (25), which confers a low dielectric to the
surrounding of a binding site. In the reduced binding site
models, this low dielectric nonpolar is simply represented
by vacuum. One important consequence of representing
protein binding sites as confined clusters surrounded by
vacuum is that there is no accounting for long-ranged inter-
actions with more distant ligands or solvent. Although such
long-ranged contributions certainly amount to a high fraction
of the total binding free energy of the ions, this does not actu-
ally pose a problem for a characterization of the selectivity
regarding ions of same valence (e.g., Naþ and Kþ), which
requires only relative free energies (see Eq. 1). It is important
to note that the number of ligands N present in the confined
reduced models as depicted in Fig. 1 B is not meant to
impose a constraint on the canonical coordination number
n, i.e., the number of ligands strictly within the inner coordi-
nation shell of the ion. Within the small crowded volume, the
ion and the N ligands are free to interact and self-organize,
and the actual coordination number n may differ from N.
FIGURE 1 Schematic illustration of the concept of a confined microdrop-
let of ligands as a representation of a flexible ion binding site in a protein.
(A) Typical flexible protein binding site (25). (B) Reduced binding site
model of N ligands restricted by a spherical flat-bottom potential surrounded
by vacuum. The 1077 reduced model were from diglycine, N-methylaceta-
mide, methanol, water, acetate, and acetic acid.
FIGURE 2 Results from free energy simulations carried out on 1077
reduced toy models of ion binding sites. (A) Distribution of the calculated
free energy for all the toy models. (B) Distribution of the calculated free
energy for all the toy models is broken down. (C) Average number of ligands
as a function of free energy.
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restricted to a small spherical region (3.5 A˚), the latter is
meant to incorporate the generic physical confinement
arising from the surrounding protein. In contrast, some
studies of ion selectivity have considered toy models con-
strained in such a way to impose specific values of the
canonical coordination number n (14–16,19). In fact, strong
architectural protein forces dictating a specific binding site
geometry must be present to strictly impose a given value
of n. Therefore, those reduced models are implicitly de-
signed to mimic fairly rigid binding sites by construction,
and for this reason, may differ in an essential way from the
flexible reduced models considered in this analysis (see
below).
As a word of caution, it is emphasized that the concept of
the confined microdroplet depicted in Fig. 1 is not intended
to be a valid representation of all existing ion binding sites in
proteins. Some binding sites do indeed present a rigid
geometrical arrangement of coordinating ligands suitable
for an ion of a given size and their selectivity is straightfor-
wardly understood on the basis of a snug-fit mechanism
(12,26–29). The two Naþ-selective binding sites in LeuT
(Na1 and Na2) present nice examples of each of these two
mechanisms (30). Analysis of LeuT extended to the struc-
tural database showed that binding sites with high local
molecular stiffness rely on the local covalent connectivity
to provide ion coordination via backbone and side-chain
atoms of near-neighbor residues along the sequence (i, iþ 1,
i  1) (30). Furthermore, the dynamical fluidity of the coor-
dination structure within the reduced models such as de-
picted in Fig. 1 B should be properly understood: the radial
root mean-square fluctuations of the ligands around the ion
are typically on the order of 0.2–0.4 A˚, indicating that the
ion remains well-coordinated at all time despite the lack of
precise structural geometry.Ion selectivity was characterized using free energy
simulations for 1077 toy models comprising four to nine
coordinating oxygen ligands of different types. The main
results are shown in Fig. 2. The coordinating ligands in the
toy models are formed by methanol, water, N-methylaceta-
mide, diglycine, acetic acid, and acetate ligands. Chemically
realistic species were used to avoid the ambiguities associ-
ated with extracting generic chemical groups from molecular
mechanical force fields. As shown in Fig. 2 A, the toy models
can display size selectivity for either Naþ or Kþ, with
relative free energies spanning from about 10 kcal/mol to
þ10 kcal/mol. A large fraction of the toy models yield
marginal ion selectivity, with relative free energies between
1.5 and þ1.5 kcal/mol, but some are quite selective for
either Naþ or Kþ. Almost any type of ligand can be involved
in a Naþ-, or Kþ-selective model, although there is clearly
an increase of carboxylates (acetic acid or acetate) in Naþ-
selective sites, and an increase of backbone carbonyls
(N-methylacetamide or diglycine) in Kþ-selective sites
(Fig. 2 C). The free energy of the models comprising eight
identical ligands is: 7.6 kcal/mol (eight N-methylacetamide),Biophysical Journal 98(12) 2877–2885
2880 Roux4.8 kcal/mol (four diglycines), 2.7 kcal/mol (eight meth-
anol), and 1.4 kcal/mol (eight water). These results based
on a large number of toy models further clarify previous
observations that selectivity in the binding site S2 of KcsA
was determined primarily by the intrinsic physical properties
of the carbonyl ligands coordinating the cation (12). To be
more precise, it is important to keep in mind that the crowded
environment of the flexible ligands imposed by the confine-
ment is an important feature that underlies selectivity.
For example, completely free and unrestricted carbonyls,
as well as liquid amides, do not display any significant
selectivity.
Providing simple intuitive rules to explain of ion selectivity
in these small and crowded systems proves to be challenging.
For instance, there is an induced fit on the binding of Kþ or
Naþ, and the difference in the mean ion-ligand interaction
between Naþ and Kþ hDEi-Li is not sufficient to quantify
selectivity (13,17). This is confirmed with the 1077 models.
As shown in Fig. 3 bottom, hDEi-Li is not a good indicator
of the relative free energy (the calculated correlation
coefficient is only 0.56). In contrast, the difference between
Naþ and Kþ in the total sum of ion-ligand and ligand-ligandFIGURE 3 Correlation between the Naþ/Kþ relative free energy and the
mean ion-ligand interaction (bottom) and the total ion-ligand and ligand-
ligand mean energy (top) calculated for the 1077 reduced models. The calcu-
lated correlation coefficient for bottom is 0.56, and 0.88 for the top plot.
Biophysical Journal 98(12) 2877–2885interactions (Fig. 3 top) correlates much better with the calcu-
lated free energies, though not perfectly (the calculated corre-
lation coefficient is 0.88). Strongly coupled fluctuations mark
the ion-ligand and ligand-ligand interactions (17); the two
contributions are thermodynamically important and one
should not try to explain ion selectivity by one to the exclusion
of the other. The relative free energy of Kþ andNaþ in each of
the 1077 model reflects a complicated interplay between the
favorable ion-ligand interaction hDEi-Li, and the unfavorable
ligand-ligand repulsion hDEL-Li. Although the free energy
differences between Naþ and Kþ are dominated by enthalpic
contributions (24,28), thermal fluctuations are important (13).
For this reason, it is important to consider thermally averaged
energies rather than simply the energy minimum from opti-
mized geometries (31). Two key physical factors seem to
control the relative free energy in these small confined
systems: 1), the number of available ligands N; and 2), their
physical properties (12,17,28). The physical properties of
the coordinating ligand include both the electrostatic (dipole,
charge, polarizability) as well as nonelectrostatic aspects
(shape, radius, size).
The mean ligand-ligand interaction becomes progres-
sively more unfavorable for a small cation. The ligands are
strongly oriented with their electronegative moieties pointing
toward the cation that they coordinate. Their electronegative
atoms are getting closer to one another when they coordinate
a smaller cation than a larger cation, thus giving rise to an
unfavorable size-dependent energy. The mean ligand-ligand
interaction act much like the familiar concept of the strain
energy, which plays an important role in the induced fit
picture (32). The concept of strain energy is normally asso-
ciated with structural distortions of the host (32). In the flex-
ible binding site, an important component of strain energy is
realized via through-space electrostatic interactions between
the ligands coordinating the cation. The notion that ligand-
ligand interactions in a flexible binding site contribute indi-
rectly to the thermodynamics of ion selectivity is, to our
knowledge, a novel concept that contrasts sharply with the
classical treatments (3,33), which reasoned exclusively in
terms of the ion-ligand interaction. It should be noted,
however, that the concept of indirect solvent-solvent energy
contributing to the thermodynamics of ion solvation has long
been recognized (34).
Fig. 4, showing the mean ion-ligand and ligand-ligand
energies hDEi-Li and hDEL-Li as a function of the free energy
DDGNa,K, sheds some new light on the energetic balance
supporting Kþ or Naþ selectivity in flexible sites. There is
a clear linear anticorrelation between hDEi-Li and hDEL-Li,
and in all cases, the mean ligand-ligand repulsion increases
as the mean ion-ligand interactions becomes more negative.
This is consistent with the analysis of Dixit et al. (17) on the
S2 binding site in KcsA. The data follow roughly the linear
pattern,
hDEL-Liz C hDEi-Li; (2)
FIGURE 4 Correlation between the mean ion-ligand interaction (bottom)
and the total ion-ligand and ligand-ligand mean energy (top) calculated
for the 1077 reduced models for different range of the Naþ/Kþ relative
free energies: highly selective for Kþ over Naþ (DDGNa,K > þ3 kcal/mol,
blue circles), weakly selective for Kþ over Naþ (0 kcal/mol
< DDGNa,K < 3 kcal/mol, magenta circles), weakly selective for Na
þ
over Kþ (3 kcal/mol < DDGNa,K < 0 kcal/mol, green circles), and highly
selective for Naþ over Kþ (DDGNa,K < 3 kcal/mol, red circles).
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tion of the reduced binding site. The slope of 1 suggests
a direct response of the mean ligand-ligand repulsion to
changes in the mean ion-ligand attraction. The relationship
differs from the mean-field response governed by Gaussian
fluctuations, which typically gives rise to a factor of 1/2
(e.g., the Born model of ion solvation (35,36)). Because
DDGNa,K z hDEi-Li þ hDEL-Li, the constant C is related
to the relative free energy of the ions in the binding site
(although this relationship is not strictly exact; see Fig. 3).
The value of C can be fitted empirically from the data in
Fig. 4. For the binding sites that are highly selective for
Naþ over Kþ, C is about 24 kcal/mol, whereas for the
binding sites that are highly selective for Kþ over Naþ,
C is about 15 kcal/mol. Interestingly, it seems that the
mean ion-ligand attraction reaches larger negative values in
binding sites that are highly Naþ-selective, resulting in a rela-
tively more important mean ligand-ligand repulsion for the
binding sites that are highly Kþ-selective. This underlying
cause can be traced back to the presence of small number
(1,2) high-field ligands in the Naþ-selective sites (e.g.,
CH3COOH or CH3COO
), shifting the ion-ligand attraction
toward large negative values without raising considerably
the ligand-ligand repulsion. In contrast, the Kþ-selective
sites typically comprise neutral ligands and ligand-ligand
repulsion becomes, relative to ion-ligand attraction, more
important. This is consistent with previous analyses of the
S2 binding site in the selectivity filter of the KcsA channel,
which have noted the importance of the ligand-ligand repul-
sion (12,17,28).Some similarities with the classic field strength theory of
Eisenman (33) are worth noting. For instance, the magnitude
of the ion-ligand interaction varies linearly with the number
of ligands and their dipoles, and becomes more negative as
the radius of the ion gets smaller. It one or a few ligands
possess a very large dipole (or even a net negative charge),
the reduced model then behaves as a classic Eisenman
high field-strength binding site, favoring the smaller ion. If
only a single ligand has a large dipole (e.g., on carboxylate
group), the ligand-ligand repulsion may remain relatively
small whereas the ion-ligand dominates (Fig. 4). However,
the similarities with field-strength theory can fall short and
should not be overstated to avoid confusion. For instance,
it was pointed out early on that traditional ion-ligand field-
strength arguments do not explain why a flexible binding
site of eight carbonyls remains robustly selective for Kþ
because the interaction between a cation and a single back-
bone carbonyl is significantly larger than with a water mole-
cule, and that this difference is even more prominent in the
case of Naþ than for Kþ (28). The dipole of the backbone
amide carbonyl is about twice as large as the dipole of a water
molecule. In other words, carbonyls are high field ligands ac-
cording to the traditional Eisenman picture (33,37). They
would favor Naþ over Kþ if it were not for the counter-effect
of ligand-ligand interactions (17,24). There are also circum-
stances where selectivity is set by trivial factors. For
example, reduced models with very small number of neutral
ligands often favor Kþ over Naþ, because of their inability to
compensate for the loss of hydration free energy between Kþ
and Naþ. One may note that selectivity for Kþ over Naþ is
also maintained if the carbonyl dipole is artificially scaled
down. This is illustrated in Fig. 5 using the 4-diglycine
model (8 carbonyl ligands). As the carbonyl dipole is scaled
down, the reduced model starts to behave as a classic Eisen-
man low field-strength binding site, favoring the larger ion.
One reason is that the mean ligand-ligand contribution
(that grows quadratically with the magnitude of the ligand
dipole) becomes less and less important as the dipoles are
scaled down, and selectivity is dominated by the ion-ligand
interactions. Achieving selectivity by scaling down the
dipoles can become meaningless, however, because there
is a point beyond which the total affinity is so small that
no cation would bind. For example reduced models
comprising eight methanol or eight water molecules can
also display some preference for Kþ over Naþ (Fig. 5).
However, the mean binding energy produced by those
models is significantly smaller than that with the model
comprising eight carbonyls. Discussing the role of absolute
affinities much further in the context of reduced models is
difficult because long-range interactions that are not ac-
counted for could have a large impact. Nevertheless, general
considerations suggest that reduced models in which the
mean ion-ligand interaction becomes weaker than ~50% of
an ion’s enthalpy are unlikely to provide an effective binding
site. For example, in the case of the S2 binding site of KcsA,Biophysical Journal 98(12) 2877–2885
FIGURE 5 Results for the reduced model comprising four diglycine
ligands. The C¼O partial charges were multiplied by a scaling factor
between 0.5 and 1.5 and FEP/MD calculations were generated. The results
for the reduced model of eight methanol (triangle) or eight water molecules
(square) are also shown.
2882 Rouxthe mean potential energy of Kþ arising from four diglycines
is about 130 kcal/mol, representing considerably >50% of
the total enthalpy of Kþ ion (about160 kcal/mol). By com-
parison, the nearest hydration shell contributes ~40–50% of
the total hydration free energy of a Kþ in bulk water (38). In
general, it seems likely that a larger fraction of the total stabi-
lization enthalpy than occurring in bulk water must arise
from the nearest ligands in the case of protein binding sites,
as the latter are generally surrounded by nonpolar residues
(25) (Fig. 1), although there certainly are exceptions. What
is remarkable with the flexible site of eight carbonyls is
that selectivity for Kþ over Naþ is robustly maintained
whereas the large ligand dipoles confer high binding affinity.
In a previous study, selectivity was maintained for dipoles
varying up to 4.2 Debye in a toy model with eight
carbonyl-like ligands (12).
The set of calculations illustrates the importance of both the
number and type of ligands for ion selectivity in these reduced
confined systems meant to represent flexible protein binding
sites. This observation seems to be in contrast with the conclu-
sion of a number of studies asserting that selectivity is
primarily controlled by the number of coordinating ligands
(14–16). According to the concept of over-coordination
(14), the cation in the binding site is coordinated by more
ligands than in bulk water and altering the number of ligandsBiophysical Journal 98(12) 2877–2885rather than their type is the way to control selectivity.
A similar argument is elaborated in the topological control
hypothesis (16). However, this analysis shows that the type
of ligands leads to important quantitative differences
(24,28,30). A straightforward way to address this issue is to
compare free energies for two specific cases. The selectivity
for Kþ over Naþ in a toy model of eight backbone carbonyl
groups is on the order of 4–6 kcal/mol, whereas the selectivity
of eight water molecules is on the order of 1–2 kcal/mol under
the same conditions. Previous results by Bostick and Brooks
(16) showing that the toy model of eight waters could be as
selective as that of eight carbonyls were simulated under
different conditions (39) and have been subsequently revised
by the authors (18). Irrespective of the details of the confining
potential in reduced toy models, carbonyl ligands yield
larger Kþ selectivity than water molecules, a fact that is
confirmed by several independent computational studies
(12,17,18,24,28) including the original proponents of the
topological control hypothesis (18).
In part, it is possible that these diverging views are further
compounded by the lack of strict equivalence between the
number N of ligands in the flexible reduced models consid-
ered here, and the canonical coordination number n consid-
ered in other studies (14–16,19). To examine this possibility
in more detail, the selectivity free energy displayed by
a given reduced model was correlated with the mean canon-
ical coordination number n of Naþ and Kþ within that
model. The results are shown in Fig. 6. To define the coordi-
nation number n, distances of 2.8 A˚ and 3.2 A˚ were used for
Naþ and Kþ, respectively (the color code is the same as used
in Fig. 4; red for the most Naþ-selective models and blue for
most Kþ-selective models). From the scatter plot, it is
apparent that the mean coordination number n is typically
a little smaller for Naþ than Kþ, which is expected in a flex-
ible system. The most Kþ-selective models (Fig. 6 blue) are
found on the high-end of the mean coordination number n,
approximately five to seven for Kþ and approximately four
to six for Naþ, where they overlap with the weakly Kþ-selec-
tive models (Fig. 6 cyan). However, no obvious correlation is
observed for the strongly Naþ-selective models, as the mean
coordination numbers n from those models are spread over
the entire range. This indicates that considerations limited
to coordination numbers are important but not sufficient to
explain ion selectivity. For example, although the concept
of overcoordination sheds an interesting light on the proper-
ties of a binding site of eight carbonyls, it plainly cannot
account for the properties of the toy models comprising eight
ligands with a strong preference for Naþ over Kþ (Fig. 2).
Likewise, the magnitude of the free energies achieved via
topological control cannot account for the considerable
selectivity of the S2 binding site in KcsA (39). In view of
the above results with 1077 toy models, the proposition
that both the number and the type of ligands control ion
selectivity in a flexible binding site is unambiguously
confirmed (12).
FIGURE 7 Comparison of the free energy for divalent cations (Ba2þ rela-
tive to Ca2þ) with the free energy for monovalent cations (Naþ relative to
Kþ) for the 1077 reduced models (the calculated correlation coefficient is
0.80).
FIGURE 6 Correlation between the selectivity displayed by a reduced
model and the mean canonical coordination number n of Naþ or Kþ (calcu-
lated by counting the average number oxygen ligands within 3.0 A˚ away
from Kþ and within 2.8 A˚ away from Naþ). The results for the 1077 reduced
models are shown. The color code corresponding to different range of the
Naþ/Kþ relative free energies is the same as in Fig. 4: highly selective for
Kþ over Naþ (DDGNa,K > þ3 kcal/mol, blue circles), weakly selective for
Kþ over Naþ (0 kcal/mol<DDGNa,K< 3 kcal/mol,magenta circles), weakly
selective for Naþ over Kþ (3 kcal/mol < DDGNa,K < 0 kcal/mol, green
circles), and highly selective for Naþ over Kþ (DDGNa,K < 3 kcal/mol,
red circles).
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energies in these confined microdroplet systems is fasci-
nating. For example, size selectivity observed for divalent
ions (Ca2þ versus Ba2þ) seems to be correlated with the
selectivity observed for monovalent ions (Naþ versus Kþ).
As shown in Fig. 7, many of the reduced binding site that
favoring Kþ over Naþ also favor Ba2þ over Caþ2, and
vice versa. The correlation is not perfect, but unambiguous
(the calculated correlation coefficient is 0.80). Thus, one
hallmark of size selectivity traditionally associated with the
existence of a rigid cavity of a given radius can actually be
reproduced in binding site models without the need to invoke
a cavity size at sub-a˚ngstro¨ms precision. Despite the neglect
of induced polarization, which would required for a quantita-
tively accurate treatment of divalent cations, these results are
suggestive. For example, observing that Ba2þ (about the size
of Kþ) binds to the selectivity filter of the KcsA channel, but
not Ca2þ (about the size of Naþ), does not imply that ion
selectivity is governed by a fixed cavity size as previously
suggested (40). Similar trends can also appear in a reduced
model without imposed precise geometry (Fig. 7).
As a last example, one can construct a simple toy model to
represent the familiar DEKA motif of Naþ channels (41)
using one N-methylacetamide, one methyl-ammonium, two
acetate solvated by eight water molecules (not included in
Fig. 2). Those 12 ligands were confined within a spherical
region of 5 A˚. Free energy simulations shows that thisreduced model of DEKA with hydration displays selectivity
for Naþ over Kþ by 3.3 kcal/mol. Similar models of the
familiar EEEE motif of Caþ2-channels, in which the nega-
tively charged carboxylate oxygens are freely fluctuating
within a confining region and the aqueous phase is repre-
sented by a continuum dielectric, have been introduced and
investigated by Boda et al. (42,43). Those models, called
charge-space competition, have been very successful to
explain the observed behavior in L-type Caþ2 channels for
a wide range of conditions without the need to enforce
a precise geometry of the coordinating ligands. A model of
the ryanodine receptor calcium channel build on these prin-
ciples has been show to reproduce all the available perme-
ation and selectivity data (44,45). The physical principles
giving rise to ion selectivity in the charge-space competition
are very similar to those at play in the confined microdroplet,
with one notable difference. An assessment of Ca2þ/Naþ
selectivity involves two ions with different charges. For
this reason, long-range electrostatic contributions, which
can be safely neglected in the case of ions of the same
valence, must be accounted for in idealized models of
Ca2þ-channels.CONCLUSIONS
This study shows that simplified binding site models
comprising a small number of ligands confined to a small
subvolume (crowded microdroplet of ligands) are able to
display nontrivial ion selectivity. Within the context of those
spatially confined binding sites, ion selectivity is controlled
by the number of coordinating ligands and their physical
properties (12,17,28). The FEP/MD calculations were
carried out using an additive force field that does not accountBiophysical Journal 98(12) 2877–2885
2884 Rouxfor induced polarization effects explicitly. Despite this
approximation, there is confidence that the basic physical
trends regarding the mechanism of ion selectivity in flexible
reduced binding site models that have been identified are
robust and independent of the force field used. Although
the unique identification of ion-ligand and ligand-ligand
interactions becomes nontrivial in the case of nonadditive
potential functions, a similar analysis can be carried out
and it is observed that induced polarization of the coordi-
nating ligands by an ion actually increases the ligand-ligand
repulsion and reinforce the trends described in this study
(this was shown with quantum mechanical calculations in
the Supporting Material of Noskov et al. (12)). Nevertheless,
it is likely that induced polarization could alter the detailed
behavior of specific reduced binding sites, particularly in
the case of divalent ions. Therefore, it is better to interpret
the results for any specific system with caution.
It is clear from existing studies that there are multiple ways
to achieve ion selectivity at the atomic level in protein
binding sites (30). One important goal of theoretical efforts
ought to be the identification of the microscopic conditions
under which a given mechanism is predominant. In these
efforts, computational studies based on simplified reduced
toy models can serve to illuminate the mechanism of ion
selectivity that exists in these complex macromolecular
systems. Studies of reduced toy models can also raise inter-
esting questions of their own, particularly concerning the
structure and thermodynamics of ion solvation in flexible
binding sites surrounded by restricted ligands (the confined
microdroplet illustrated in Fig. 1). For meaningful studies,
however, it is important that the information extracted
from MD simulations carried out on full all-atom systems
(10–12,24,28,30,46–52) be used to guide the choices made
when constructing reduced models. The example of LeuT
highlights the fact that for any protein, architectural rigidity
or dynamical flexibility cannot be postulated a priori, and
that all-atom MD simulations are ultimately necessary to
ascertain the microscopic character of a given binding site.
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